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Abstract: The permanent damage Induced by nuclear radiation In silicon 
Schottky-barrler X-band microwave mixer diodes was assessed by subjecting sepa- 
rate groups of diodes to ^^Co gamma rays and fast neutrons (E > 10 keV) of 
progressively higher levels, reaching a total gamma dose of 1.7 x lO^ rads(Sl) 
and & cumulative neutron fluence of 5.5 x 10^^ cm""^. Measurements were made at 
a local oscillator frequency of 9375 MHz to determine changes In conversion In- 
sertion loss, local oscillator return loss and SWR, 1-f output conductance, 
self-bias, and forward current at one dc bias voltage. 

No changes due to the gamma Irradiation were observed. At a neutron fluence of 
1.0 X 10^^ cm*"^, changes In conversion Insertion loss and forward current were 
just discernible. At 5.5 x 10^^ cm"^, the conversion Insertion loss of most 
diodes was degraded by up to 0.7 dB, although some diodes were unchanged and the 
average change was only 0.2 dB. The return loss, SWR, and self -bias voltage of 
most diodes were distinctly altered at this level, and the forward current of 
all diodes was decreased. The 1-f output conductance was not significantly 
altered. 

A group of unirradiated diodes, Intermixed with the gaxmna and neutron groups 
during measurements, served as a control. Since diode stability was recognized 
as an Important factor, the three groups were matched on the basis of pre- 
Irradlatlon conversion Insertion loss stability. The three-slgma repeatability 
of the conversion Insertion loss measurement was estimated from the control 
group measurements to be about 0.05 dB, with a systematic drift over the course 
of these measurements of about the same amount. 

Key Words: Diodes; gamma rays; hardness assurance; microwave mixer diodes; 
mixers; neutrons; radiation hardness; receivers; Schottky-barrler diodes; semi- 
conductors; solid-state devices; X-band measurements. 



Very little has been published concerning the radiation hardness of mixer diodes of any 
type.^ Of the very limited number of measurement systems that have been constructed for 
the specialized area of microwave mixer diodes, almost all have been Intended for produc- 
tion line testing. The limited precision expected of such systems would make them unsuit- 
able for detecting small radlatlon-lnduced changes In diode characteristics or accurately 
measuring larger changes. Microwave mixer diode measurements have always been exceedingly 

difficult to perform with any great degree of accuracy or precision and there are still un- 
solved problems. Fortunately, these problems are of concern largely to absolute measure- 
ments and Interlaboratory reproducibility, and therefore have little or no bearing on radia- 
tion hardness measurements, which only require good repeatability (low random uncertainty) 
and small systematic drift over the course of the measurements. 



Chaff In, F. J., Miarowcwe Semioonduotor Devices: Fundamentals and Radiation Effects, 
Chap. 6 (John Wiley & Sons, Inc., New York, 1973) provides the only previous data known 
to the present author. 
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The prime objective of this limited preliminary study was to determine if a significant 
problem existed in the radiation hardness (to permanent damage) of Schottky-barrier type 
microwave mixer diodes. A secondary objective was to provide data for better evaluation of 
the measurement system. 

As a result of a study originally funded by the Navy, there was in operation at NBS an X- 
band mixer measurement system^ which was ideally suited for the detection of very small 
changes in a number of important characteristics. In cooperation with the Harry Diamond 
Laboratories, at whose facilities the diodes were irradiated, an investigation was performed 
at NBS to ascertain the effects of gamma rays and fast neutrons on samples of four brands 
(and two grades) of Schottky-barrier mixer diodes. 



Samples were procured of every brand of Schottky-barrier X-band mixer diode on the market 
with case dimensions allowing physical inter changeability with the type 1N23 point-contact 
X-band mixer diode, for which suitable holders were available. These were all unbonded sil- 
icon diodes. The microwave parameters measured are not a function of the diode alone, but 
depend also upon the structure of the holder in which the diode is mounted (providing defin- 
able and isolated input and output terminals). They also depend upon the immittances termi- 
nating the holder, and the available local oscillator power. For the 1N23 type, a standard 
fixed-tuned holder has been designated by MIL specifications, the drawings for which are 
available from the Defense Electronics Supply Center.^ Three holders made to these specifi- 
cations had been obtained commercially but only one (Serial 103) was used for the microwave 
measurements. It is understood that this holder type, or the tunable type it replaces (nom- 
inally identical for 1N23 measurements when properly tuned) , is also used by the diode manu- 
facturers when testing the Schottky-barrier diode types used in this study. 

A detailed description and analysis of the X-band measurement system used in this study is 
given elsewhere.^ Only a brief discussion will therefore be presented here. 

The NBS X-band mixer measurement system in its present state can be used to measure: con- 
version insertion loss (conversion loss uncorrected for i-f load mismatch) ; directly mea- 
sured conversion loss (with i-f mismatch taken into account)^; local-oscillator mismatch 
magnitude, expressed as return loss or as standing wave ratio (SWR) ; i-f output conductance, 
expressed as its reciprocal (traditionally but erroneously referred to as "1-f Impedance") ; 
self-bias voltage (rectified local-oscillator current through a 100-^^ dc load resistance) ; 
and forward current at a selected forward voltage (static dc conductance with the rf 
switched off) . 

The most important measurements, and the most difficult to perform, were those of conversion 
insertion loss. These measurements were made by an improved incremental modulation method, 
using a rotary-vane attenuator modified by the addition of adjustable precision stops. 
Three micrometer-head stops were used, permitting independent adjustment of the attenuation 
required to establish (in rapid sequence) three power levels, corresponding to (1) the 



^Kenney, J. M. , Semiconductor Measurement Technology: Modulation Methods for Microwave 
Mixer Measurements of Standards Quality, NBS Special Publication 400-16 (in preparation). 

^Defense Electronics Supply Center, Dayton, Ohio 45401, Drawing List D65019, Diode Test 
Holder — Model 1181-Rl, 9.375 GHz (X-band). 

**There are good reasons for not making this correction, although required by the definitior 
of conversion loss. The i-f mismatch is not generally eliminated by tuning in field use, 
so that conversion insertion loss is a more realistic parameter. Conversion insertion loss 
is also easier to compute, since it may be read from a one-dimensional table of loss versus 
mixer output voltage, whereas conversion loss requires an additional correction for mis- 
match factor, using i-f output conductance, or the use of a two-dimensional table of loss 
versus mixer output voltage and i-f conductance (impractical for high precision) , or an in- 
dividual calculation for each measurement. 
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nominal local oscillator power specified for the measurement, (2) the crest (maximum) value 
of power that would result from sinusoidal modulation of the local oscillator, and (3) the 
trough (minimum) value of power for the same modulation. The total attenuation range (set 
at 1 dB for this study) therefore corresponds to the crest-to-trough power ratio for the 
equivalent sinusoidal modulation. This power ratio in turn establishes the modulation fac- 
tor and the side-band amplitude that would result from such a modulation of a given nominal 
local oscillator (carrier) power (1 mW for this study). 

Conversion insertion loss is the ratio of the available input signal power at a single fre- 
quency to the delivered output signal power at a single frequency. The input signal power 
was calculated from the side-band amplitude of the equivalent sinusoidal modulation, and 
the output signal power was calculated from the peak-to-peak i-f output voltage, taking into 
account the linear addition of output voltages corresponding to the two sidebands. The i-f 
output voltage peaks were the minimum and maximum values of the total mixer output voltage 
(i-f + dc) corresponding to the crest and trough settings of the modulation attenuator, and 
were thus read as dc voltages. The use of a bilateral increment, i.e., one where the power 
is varied appropriately both above and below the nominal local oscillator power, tends to 
yield better mixer linearity than a unilateral (one-sided) increment of the same magnitude, 
since the latter would require twice the excursion from the nominal local oscillator power, 
which is equivalent to using four times the signal power. 

A tuned ref lectometer was used to obtain the return loss (from which the SWR was calculated) , 
and a recently reinvented load perturbation technique (Mance*s method — of nineteenth cen- 
tury origin) was used to obtain the reciprocal of i-f output conductance, using as a signal 
the same incremental output voltage as in the conversion loss measurement. Digital volt- 
meters were used to indicate the mixer output voltages, the voltages associated with the 
precision bolometric measurements used to establish the nominal local oscillator power, and 
the voltage from a thin-film thermocouple ("dry calorimeter") used to monitor this r-f 
power. 

The frequency and amplitude of the local oscillator were well stabilized by phase-lock and 
leveling circuits incorporating the best available components. 

Forward current at a selected forward voltage was obtained by a minor modification of the 
i-f/dc output circuit, which incorporated a constant-current source set to equal the mixer 
output current for the purpose of establishing distinct dc and i-f loads (100 and 400 J^, 
respectively) at essentially a zero intermediate frequency. Unfortunately, this modifica- 
tion (unplugging a decade resistance box) did not permit the current to be set as the inde- 
pendent variable. The current was calculated from the voltage drop across the diode and 
across the series combination of the diode and a 100-Q resistor. For the first measurements 
of some diodes, the current was left as set during the microwave measurements, but the re- 
sulting irrational values of voltage were tedious to reset during subsequent measurements, 
so that the voltage values were readjusted to the nearest multiple of 50 mV. It was thought 
that a current about equal to that used in the microwave measurements was the largest that 
should be used, to avoid significant diode heating with attendant drift and possible burn- 
out; the measurement of much smaller currents would have been less precise. It was there- 
fore not possible to use a common voltage for all diodes, as this would have resulted in 
widely different currents. In retrospect, a more extensive modification to permit setting 
the current and measuring the diode voltage would have been preferable. 

In addition to the measurements made with the microwave system, all diodes were measured at 
a number of bias points to determine their I-V and C-V characteristics, using semiautomatic 

equipment for the former, and a 1 MHz three- terminal capacitance bridge for the latter. 
Unfortunately, time did not permit analysis of these data, and transients produced by the 
semiautomatic I-V equipment altered or destroyed some diodes, as will be discussed. 

A qualitative study of the I-V characteristics was made using curve-tracer photographs taken 
before and after irradiation. Even this equipment was seen to occasionally alter the diode 
characteristics (generally to improve them, and generally only very slightly, however). 

The most important single mixer parameter is standard overall average noise figure, which is 
a measure of the degradation of receiver front-end signal-to-noise ratio by the mixer. No 
noise measurements were made for this study, but the principal contributor to standard 
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ovjerall^ average noise >flgure ia conversion loss. These parameters are related by the 

Standard overall average noise figure, 
conversion loss, 

output noise ratio (« 1 for Schottky-barrier diodes), and 

standard i-f average noise figure (specified as log"^ 0.15 for these and 
most other mixer diode types); 

all terms being pover ratios. 

Expressed in decibels, ^^gC" 10 log ) is therefore larger than L'(» 10 log L) by close 
to a constant 1.5 dB. A closer approximation of N for these diode types, based upon mea- 
surements made at an intermediate frequency of 30 MHz, is 1.1,^ making the difference be- 
tween T^^ and L* about 1.8 dB. The small contribution by the excess output noise ratio 
(N - 1) of only about 0.3 dB is far outweighed by the conversion loss contribution of more 
than about 4.5 dB, as measured for the diodes used in this study. 

The 54 diodes used in this study (reduced to 51 by accidental loss) were culled from a total 
of 90 diodes obtained from four different manufacturers, and were of two grades: 6.0 dB and 
6.5 dB maximum standard overall average noise figure. Each of these 90 diodes was measured 
at least twice to establish their stability, since it was recognized that some diodes were 
much less stable than others and that diode instability was a significant factor in measure- 
ment repeatability (random uncertainty) . Only those diodes with conversion insertion loss 
less than 6.0 dB for these pre- irradiation measurements, and with a change of less than 
0.1 dB between successive measurements, were accepted for the study. Because the 90 diodes 
were received over a period of time, they were grouped into two lots. The first lot diodes 
were measured at least six times: twice before irradiation and once after each of four ir- 
radiations. The second lot diodes were measured three times: twice before irradiation and 
once after a single irradiation. Each lot was divided into three equal sized groups , with 

all brands and grades equally raprasantad. This division was dona In such a way that tha 
groups were approximately equal in average diode stability. After the groups were assembled 
they were randomly labeled for gamma irradiation, for neutron irradiation, and to serve as a 
control. 

The diodes from the three groups were measured in a fixed sequence: a gamma group diode, 
followed by a control group diode, followed by a neutron group diode, the cycle then being 
repeated. By following this sequence it was thus assured that a control group diode would 
be measured at nearly the same time as both a gamma group diode and a neutron group diode, 
so that systematic drift would tend to affect all groups equally. Interruptions in measure- 
ment runs were permitted only after every third measurement, i.e., between a neutron group 
diode measurement and the following gamma group diode measurement. The control group thus 
served equally well to control both the gamma group and the neutron group. All microwave 
measurements were made at a local oscillator frequency of 9375 MHz, the standard X-band 
diode frequency originally established for the point-contact 1N23. 

A calibrated bolometer was substituted for the diode holder prior to each measurement run to 
establish the calorimeter voltage corresponding to exactly 1 mW of available local oscilla- 
tor power. The calorimeter was used in resetting the power immediately prior to each diode 
measurement. Before making the power check and measurement, the diode was allowed to stabi- 
lize for several minutes to insure thermal equilibrium. The ambient temperature was con- 
trolled to within about ±0.2*C. The temperature was recorded at the start of each diode 
measurement and during each power calibration measurement, using a thermometer in contact 
with the aluminum base plate to which the waveguide was clamped. After experience indicated 
the importance of temperature stability, a second thermometer, thermally insulated from the 



*From discussions with diode production engineers. 
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base plate ». was used to Indicate the air temperature; measurexnents were made only when the 
two thermometers agreed to within lO.Z^C, to minimize thermal gradients and rapid tcempera-* 
ture changes. 

Because of axial asymmetry » detectable as output voltage changes when the diode Is rotated 
In the holder (probably due to the whisker bend), the angular orientation of the diode In 
the holder was always kept the same each time It was reinserted. The end caps, which were 
removed before Irradiation, were marked to permit their reattachment In the same orientation 
as before, to guard against the possibility of changing any cap asymmetry. 

Table 1 lists tbe cumulative radiation levels used and the ntmibers assigned to the subse- 
quent measurements. Measurements 1 and 2 were the last two pre- Irradiation measurements 
(the only two for many diodes) • 



Results of the pre-lrradlatlon measurements used to cull the defective and unstable diodes 
are summarized In table 2. Several such measurements were made at first, but these were 
later reduced to two. The samples of brand A diodes were found to be particularly unstable, 
even though handled with the greatest care, and their characteristics could be altered by 
the slightest mechanical shock, such as the rotation of a waveguide switch audibly against 
Its stop (even with rigid clamping of the waveguide between the switch and holder). Conqpare 
the reduction In the number of measurable diodes on subsequent measurements with those of 
brand B, which were Intermixed with those of brand A during measurement runs. Some brand A 
diodes exhibited an output voltage too unstable to record, and were therefore rejected. The 
samples of brand D diodes were unusually susceptible to electrical transients, as most were 
radically altered when all diodes were measured for static characteristics using semiauto- 
matic equipment. Three brand A diodes (one from each group) were destroyed by this equip- 
ment, but this was found to be due to a slight alteration In measurement sequence from that 
used In preliminary testing (using expendable diodes), which Intensified the transients. 
The samples of brand C diodes, while reasonably stable, had notably Inferior conversion loss 
compared to those of other brands, even those of 0.5 dB lower grade. (A change In conver- 
sion loss results In the same change In overall average noise figure when both are expressed 
In decibels, If the output noise ratio and 1-f average noise figure remain constant.) 

A statistical analysis of all data Is given In tables 3 through 8. A behavioral history of 
each characteristic of each diode In the first lot Is given In figures 1 through 6, where 
the letter In the diode designation Is the brand code. Primes are used for the 6.5 dB di- 
odes, to distinguish, them from the 6.0 dB types. From these figures. It may be seen that 
the last neutron Irradiation caused noticeable changes In the conversion Insertion loss, 
return loss, SWR, self-bias voltage, and forward current of most diodes, whereas 1-f output 
conductance seems unaffected. There were only two diodes for which no microwave character- 
istic was significantly altered by the final neutron Irradiation: C4 and C9. (The conver- 
sion Insertion loss of diode C9 was possibly degraded somewhat, but the change was suffi- 
ciently small that It could reasonably have been due to random error.) The conversion 
Insertion loss of only two other diodes (Bl and BIO) was unaffected. The return loss and 
SWR of no diodes other than C4 and C9 were unaffected. The self-bias voltage of only one 
other diode (Bl) was unaffected. The forward current of all diodes was significantly al- 
tered by the neutrons; even the next to last neutron Irradiation seems to have affected some 
diodes. This next-to-last Irradiation also seems to have had a slight affect on the con- 
verislon loss, return loss, and SWR of some diodes, although these changes appear nonrandom 
chiefly because of the subsequent larger changes due to the last Irradiation. Over the last 
two Irradiations, the largest conversion Insertion loss change In a neutron-group diode was 
0.69 dB, and the average change was only 0.20 dB. 

The gamma group seems to have been affected little. If at all, at any radiation level. 

The lot 2 statistics were strongly affected by the presence of grossly atypical diodes, 
probably due to handling. Disregarding one or two of the largest changes In characteristics 
from all three groups enables a better comparison of the more typical diode behavior. In 
most cases, the diodes esdilbltlng the largest changes In one characteristic esdilblted large 
changes In the other characteristics. 
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vnille the characteristics studied were only moderately affected by a neutron fluence of 
5.5 X 10^5 cm"^, It Is possible that reverse current Increases causing Increased output 
noise ratios would have made the changes in overall average noise figure larger than the 
observed changes in conversion loss. 

It was originally believed that no substantial change in the static (I-V) characteristics 
of a diode could take place without a noticeable affect on the observed microwave character- 
istics. For example, since self-bias voltage is the dc component of the rectified local 
oscillator current multiplied by the 100-^^ dc load resistance, any change in static charac- 
teristics should alter the rectification efficiency and therefore change the self-bias. 
Conversion loss and the input and output immittance parameters also depend, in different 
ways, upon the static characteristics. Diodes C4 and C9, however, exhibited little or no 
change in microwave characteristics following exposure to a neutron fluence of 5.5 x 
10^^ cm"'^, and diodes Bl and BIO were largely unaffected except in return loss and SWR, de- 
spite forward current reductions similar to the other diodes. The possibility must there- 
fore be considered that significant changes may have occurred in the reverse conduction of 
some diodes, increasing the output noise ratio with little or no disturbance to the other 
microwave characteristics. Ifliile this is most likely to have occurred, if at all, at the 
5.5 X 10^5 j,jj-2 level, the slight forward current reductions at 1.0 x 10^5 ^^j-a indicate 
possible noise increases at the latter level. 

That such noise changes probably did not occur for most diodes is indicated by table 9, 
which was prepared from comparison of the photographs of the diode I-V characteristics be- 
fore the first Irradiation and after the final irradiation. Both lots are combined for 
these comparisons. It can be seen that the reverse current definitely increased in only 5 
of the 17 neutron group diodes and in none of the gamma group diodes. The true number could 
be somewhat greater, since changes in the reverse breakdown characteristics, as the reverse 
voltage was increased, was occasionally observed in the course of taking the post-irradiation 
photos. Most of these changes tended to sharpen the breakdown, reducing the reverse current. 

Examination of the plots of conversion insertion loss mean in figure 1 (broken lines) re- 
veals appreciable systematic shifts between the second and third measurements of roughly the 
same magnitude in all groups. This obviously systematic change, of unknown origin, must be 
eliminated when evaluating "short-term" repeatability (the usual meaning of repeatability). 
Except for small random changes due to the finite number of diodes, the control group mean 
should be a constant for all measurements. The control group data can be corrected to 
achieve this by adding to each datum the difference between the overall mean (the mean of 
the six measurement means) and the mean for the particular measurement. This correction may 
be expected to cause a small but probably negligible reduction in the random variability, 
since the correction includes a small part of the random change in the datum being corrected. 

Making this correction for all control group conversion insertion loss data and then recal- 
culating the statistics resulted in significant improvements. The mean sample standard de- 
viation was reduced from 0.033 dB to 0.018 dB. The sample standard deviation of the nine 
sample standard deviations remained essentially imchanged, 0.008 dB against the previous 
0.009 dB. The range of 0.025 dB to 0.051 dB was shifted downward and somewhat reduced, be- 
coming 0.007 dB to 0.030 dB, and the median sample standard deviation was reduced from 
0.031 dB to 0.019 dB. How much of the remaining random uncertainty is due to diode changes 
and how much to measurement (equipment plus operator) variability is unknown, but a three- 
sigma uncertainty of 0.05 dB can be assigned as a reasonable estimate of the latter. An ad- 
ditional 0.05 dB can be assigned as a tentative limit on long-term systematic drift, if sys- 
tem calibrations are unchanged, although the shift between measurements 1 and 2 suggests the 
possibility of occasional larger changes, perhaps from a different cause. Only additional 
experience over a much longer period could establish reliable limits on long-term drift. 



The samples of unbonded X-band microwave silicon Schottky-barrler mixer diodes were essen- 
tially unaffected by ^°Co gamma rays up to and Including 1.7 x lO^ rads(Si) and fast neu- 
trons (E > 10 keV) up to and including a fluence of 1.0 x 10 cm"^. The observed effects 
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of a neutron fluence of 5.5 x lO^^ cm"^ were sufficiently small as to permit continued sys- 
tem operation with, at worst, only a moderate reduction in performance.^ 

Appreciable radiation hardness differences were observed. In particular, neither of the 
neutron-bombarded diodes of one brand exhibited significant microwave characteristic changes 
after exposure to 5.5 x 10^^ cm""^. This was not true of any other diodes, although some 
characteristics of some other diodes seemed unaffected. The number of diodes of the appar- 
ently more hardened brand was too limited, however, to permit a firm conclusion that brand 
differences exist. 

Incidental to the purpose of this investigation, but of significance to the users of these 
diodes, are the observations that many diodes of one brand were very susceptible to shock 
and vibration, even during careful handling, and that those of another brand were very sus- 
ceptible to electrical transients. On the basis of the measured samples, wide differences 
seem to exist between brands with regard to their average parameter values, despite identi- 
cal specifications. 

As presently constructed, the available unbonded X-band Schottky-barrier microwave mixer 
diodes may reasonably be considered to be adequately hard at the radiation levels used in 
this study, with the possible exception of 5.5 x lO^^ neutrons per square centimeter. Full 
assurance of satisfactory performance at the higher radiation levels of particular types and 
brands of diodes would require individual testing, since it is apparent from the results of 
this study that there are appreciable variations in the effects of radiation on diodes of 
the same manufacture, and a strong indication that brand-correlated variations may exist as 
well. In the absence of adequate modeling to quantitatively explain the radiation- induced 
changes noted in this empirical study, Schottky diodes of different designs, such as the 
bonded types, cannot be assumed to have the same radiation sensitivity. Such modeling would 
be very difficult, due to the complex nature of mixers. For critical systems application, 
therefore, the radiation hardness of different types of Schottky diodes should be determined 
on a type-by- type, brand-by-brand, and perhaps even on a batch-to-batch basis until there is 
sufficient experience developed to permit a greater generalization. 

Radiation-hard diodes are of little benefit to critical systems if these diodes are suscep- 
tible to even more likely failure modes, or if they have inferior performance when installed. 
Adequate testing for resistance to shock, vibration, and burnout are required; An even more 
basic requirement is that adequate attention be given to measurement uncertainties, in order 
to reduce variations in Initial performance between diodes of the same nominal type and 
grade, inconsistencies between diodes of the same type but of different grades, and differ- 
ences between different type diodes of the same nominal specification limits. This calls 
for greater measurement precision in the grading process, and better standards within and 
between manufacturing plants. 



^These results are in rough agreement with measurements cited by Chaffin, op, oit. (figure 
6.21), for one of three types of Schottky diodes measured (apparently with quite limited 
precision) at a local-oscillator frequency of 250 MHz. This type, however, was unpasslvated 
(no oxide) , a design unlikely to have been used for the microwave types measured in the 
present study. Of the other two types measured by Chaffin, one exhibited far larger 
neutron- Induced changes than any of the microwave diodes studied here while the other was 
apparently imaffected to within the limited measurement precision. 
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Table 1. Cumulative Radiation Levels* 



Lot 



Deslghatlon of 
Measurement 
Following 
Irradiation 



^°Co Gamma Ray 
Dosage 

rads(SI) 



High Energy 

(E > 10 keV) 

Total Neutron Fl 
,-2 



cm 



1 


3 


1.0 


X 


10« 


1.0 X 




1 


4 


1.1 


X 




1.1 X 




1 


5 


5.1 


X 




1.0 X 


10l5 


1 


6 


1.7 


X 




5.5 X 


10'5 


2 


3 


1.6 


X 


10« 


5.4 X 


10l5 



*These radiation levels were selected by N. Berg of the Harry Diamond 
Laboratories, who also supervised the Irradiations. The neutrons were 
obtained from the TRIGA type reactor at the HDL facilities. 
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Table 3A. Lot 1 Group Statistics (9 Diodes Per Group) 
Conversion Insertion Loss (Decibels) 



Measurement 1 



Median 

Gamma Group: 5.246 5.223 5.193 5.183 5.186 5.166 

Control Group: 4.868 4.793 4.744 4.752 4.768 4.737 

Neutron Group: 5.050 4.982 4.959 4.962 5.146 5.144 

Pooled: 5.050 5.009 4.988 5.040 5.146 5.163 

Mean 

Gamma Group: 5.197 5.194 5.112 5.136 5.147 5.143 

Control Group: 5.065- 5.053 4.997 5.013 5.010 5.001 

Neutron Group: 5.052 5.047 4.986 4.992 5.025+ 5.191 

Pooled: 5.105- 5.098 5.032 5.047 5.061 5.112 

Samole Standard Deviation 

Gamma Group: OTS 0.308 0.321 0.326 0.324 0.318 

Control Group: 0.457 0.468 0.470 0.484 0.475- 0.474 

Neutron Group: 0.373 0,368 0.389 0.382 0.392 0.389 

Pooled: 0.378 0.378 0.387 0.392 0.391 0.392 

Mean Change from Previous Measurement 

Gamma Group: -0.003 ^.062 0.024 0.012 -0.003 

Control Group: -0.012 -0.056 0.016 -0.003 -0.010 

Neutron Group: -0.005- -0.061 0.006 0.034 0.166 

Pooled: -0.007 -0.066 0.015+ 0.014 0.051 

Sample Standard Deviation of Changes from Previous Measurement 

Gamma Group: 0.041 0.054 0.026 0.042 0.047 

Control Group: 0.034 0.019 0.023 0.022 0.034 

Neutron Group: 0.040 0.062 0.025- 0.087 0.178 

Pooled: 0.037 0.048 0.025- 0.057 0.133 



10 



Digitized by 



Table 3B. Lot 2 Group Statistics (8 Diodes Per Group) 
Conversion Insertion Loss (Decibels) 



Measurement 1 2 3 3* 3** 

Median 

Gamma Group: 4.952 4.958 4.963 

Control Group: 4.896 4.865 5.032 

Neutron Group: 5.043 5.028 5.216 

Pooled: 4.953 4.958 5.068 

Mean 

Gamma Group: 5.123 5.093 5.116 

Control Group: 4.968 4.940 5.024 

Neutron Group: 5.157 5.122 5.242 

Pooled: 5.083 5.052 5.127 

Sample Standard Deviation 

Gamma Group: 0.487 0.468 0.462 

Control Group: 0.251 0.228 0.249 

Neutron Group: 0.508 0.507 0.457 

Pooled: 0.421 0.409 0.395- 

Mean Change from Previous Measurement 

Gamma Group: -0.030 0.023 0.007 0.018 

Control Group: -0.028 0.071 0.013 0.022 

Neutron Group: -0.035 0.120 0.093 0.065+ 

Pooled: -0.031 0.072 0.038 0.035 

Sample Standard Deviation of Changes from Previous Measurement 

Gamma Group: 0.041 0.055- 0.035- 0.023 

Control Group: 0.033 0.170 0.036 0.027 

Neutron Group: 0.043 0.126 0.108 0.086 

Pooled: 0.038 0.127 0.076 0.055+ 



* 
** 



Excluding largest datum from each group 
Excluding two largest data from each group 
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Table 4A. Lot 1 Group Statistics (9 Diodes Per Group) 
Local Oscillator Return Loss (Decibels) 



Measurement 


1 


2 


3 


4 


5 


6 


Median 














Gamma Group: 


14.7 




1 D*U 


1 D* C. 


IRA 




Control Group: 


14.6 




^A 

If •€> 




1A 7 


1 A Q 


Neutron Group: 


16.0 




ID*U 


10. C 


ID«D 




Pooled: 


14.7 


14.6 


15.0 


15.0 


15.0 


15.7 


Mean 














Saiima Group: 


14.4 


14.3 


14.5 


14,7 




15.2 


Control Group: 


16.6 


16.4 


16.7 


If c 
16.5 


i6.5 


iD.b 


Neutron Group: 


17.8 


18.5 


17.1 


17.3 


17.1 


18.3 


Pooled: 


16.2 


16.4 


16.1 


16.2 


16.2 


16.7 


Sample Standard Deviation 












Gamma Group: 


4.8 


4.7 


5.0 


5.2 


5.3 


5.8 


Control Group: 


7.6 


7.3 


7.5 


7.2 


7.4 


7.3 


Neutron Group: 


8.4 


10.1 


6.7 


6.8 


6.3 


6.0 


Pooled: 


6.9 


7.6 


6.3 


6.3 


6.2 


6.3 


Mean Change from Previous Measurement 








Gamma Group: 




-0.1 


0.3 


0.2 


0.1 


0.4 


Control Group: 




-0.2 


0.3 


-0.1 


-0.1 


-0.1 


Neutron Group: 




0.7 


-1.4 


0.2 


-0.1 


1.2 


Pooled: 




0.1 


-0.3 


0.1 


0.0 


0.5 


Sample Standard Deviation of Chanqes from Previous Measurement 




Gamma Group: 




0.2 


0.4 


0.3 


0.2 


0.8 


Control Group: 




0.4 


0.4 


0.3 


0.2 


0.1 


Neutron Group: 




2.0 


4.1 


0.5 


0.8 


2.6 


Pooled: 




1.2 


2.4 


0.4 


0.5 


1.6 
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Table 4B. Lot 2 Group Statistics (8 Diodes Per Group) 
Local Oscillator Return Loss (Decibels) 



Measurement 1 



3* 



3** 



Medi an 

Gamma Group: 16.0 

Control Group: 14.8 

Neutron Group: 13.6 

Pooled: 14.8 

Mean 

Gamma Group: 14.6 

Control Group: 15.3 

Neutron Group: 13.5 

Pooled: 14.5 

Sample Standard Deviation 

Gamma Group: O 

Control Group: 4.0 

Neutron Group: 4.2 

Pooled: 4.1 



16.0 
14.8 
13.0 
14.8 



14.5 
14.8 
13.4 
14.2 



4.3 
3.3 
4.2 
3.8 



16.0 
14.9 
13.6 
14.9 



14.7 
14.4 
14.3 
14.5 



4.3 
2.4 
5.2 
4.0 



Mean Change from Previous Measurement 

Gamma Group: -0.1 "0.2 0.1 0.2 

Control Group: -0.5 -0.4 -0.1 0.2 

Neutron Group: -0.1 0.9 0.4 0.9 

Pooled: -0.2 0.2 0.1 0.5 

Sample Standard Deviation of Changes from Previous Measurement 

Gamma Group: O 575 O OTl 

Control Group: 1.1 1.3 0.9 0.4 

Neutron Group: 0.6 1.8 1.3 0.5 

Pooled: 0.7 1.4 0.9 0.5 

♦Excluding largest datum from each group 
♦♦Excluding two largest data from each group 
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Table 9. Changes in I-V Characteristics 
Observed for Curve-Tracer Photos 



Forward Current Changes Number of Diodes 

Gamma Control Neutron 

Group Group Group 

+++ Pronounced increase 0 0 2 

++ Small but definite increase 0 0 3 

+ Barely discernible increase* 4 7 0 

No discernible change 9 8 3 

- Barely discernible decrease* 4 2 1 

Small but definite decrease 0 0 8 

— Pronounced decrease 0 0 0 



Reverse Current Changes Number of Diodes 

Gamma Control Neutron 

Group Group Group 

+++ Pronounced increase 0 1 2 

++ Small but definite increase 0 0 3 

+ Barely discernible increase* 3 6 0 

No discernible change 5 9 3 

- Barely discernible decrease* 5 1 1 

Small but definite decrease 4 0 8 

— Pronounced decrease 0 0 0 



*Possibly due to measurement error. 
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MEASUREMENT MEASUREMENT MEASUREMENT 

a. Gamma Group b. Control Group c. Neutron Group 

Figure 1. Conversion Insertion Loss (Decibels) 

* diode accidently destroyed (not included in mean) 
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Neutron Group 



b. Control Group 
Figure 2. Return Loss (Decibels) 

* diode accidently destroyed (not included in mean) 
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a. Gamma Group 



b. Control Group c. Neutron Group 

Figure 3. Standing Wave Ratio 

* diode accidently destroyed (not included in mean) 
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a. Gamma Group b. Control Group c. Neutron Group 

Figure 4. Reciprocal of I-F Output Conductance (Ohms) 

* diode accidently destroyed (not included in mean) 
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a. Gamma Group b. Control Group c. Neutron Group 

Figure 5. Self-Bias Voltage (Millivolts dc) 



* diode accidently destroyed (not included in mean) 




Figure 6. Forward Current (Mllliamperes dc) 



* diode accidently destroyed (not included in mean) 
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NBS TECHNICAL PUBLICATIONS 



PERIODICALS 

JOURNAL OF RESEARCH reports National Bureau 
of Standards research and development in physics, 
mathematics, and chemistry. It is published in two sec- 
tions, available separately: 

• Physics and Chemistry (Section A) 

Papers of interest primarily to scientists working in 
these fields. This section covers a broad range of physi- 
cal and chemical research, with major emphasis on 
standards of physical measurement, fundamental con- 
stants, and properties of matter. Issued six times a 
year. Annual subscription: Domestic, $17.00; Foreign, 
$21.25. 

• Mathematical Sciences (Section B) 

Studies and compilations designed mainly for the math- 
ematician and theoretical physicist. Topics in mathe- 
matical statistics, theory of experiment design, numeri- 
cal analysis, theoretical physics and chemistry, logical 
design and programming of computers and computer 
systems. Short numerical tables. Issued quarterly. An- 
nual subscription: Domestic, $9.00; Foreign, $11.26. 

DIMENSIONS/NBS (formerly Technical News Bui- 
letin) — This monthly magazine is published to inform 
scientists, engineers, businessmen, industry, teachers, 
students, and consumers of the latest advances in 
science and technology, with primary emphasis on the 
work at NBS. The magazine highlights and reviews such 
issues as energy research, fire protection, building tech. 
nology, metric conversion, pollution abatement, health 
and safety, and consumer product performance. In addi- 
tion, it reports the results of Bureau programs in 
measurement standards and techniques, properties of 
matter and materials, engineering standards and serv- 
ices, instrumentation, and automatic data processing. 

Annual subscription: Domestic, $9.45; Foreign, $11.85. 

NONPERIODICALS 

Monographs — Major contributions to the technical liter- 
ature on various subjects related to the Bureau's scien- 
tific and technical activities. 

Handbooks — Recommended codes of engineering and 
industrial practice (including safety codes) developed 
in cooperation with interested industries, professional 
organizations, and regulatory bodies. 

Special Publications — ^Include proceedings of confer- 
ences sponsored by NBS, NBS annual reports, and other 
special publications appropriate to this grouping such 
as wall charts, pocket cards, and bibliographies. 

Applied Mathematics Series— Mathematical tables, 
manuals, and studies of special interest to physicists, 
engineers, chemists, biologists, mathematicians, com- 
puter programmers, and others engaged in scientific 
and technical work. 

National Standard Rafarance Data Sariea—ProvideB 
quantitative data on the physical and chemical proper- 
ties of materials, compiled from the world's literature 
and critically evaluated. Developed under a world-wide 



program coordinated by NBS. Program under authority 
of National Standard Data Act (Public Law 90-396). 

NOTE: At present the principal publication outlet for 
these data is the Journal of Physical and Chemical 
Reference Data (JPCRD) published quarterly for NBS 
by the American Chemical Society (ACS) and the Amer- 
ican Institute of Physics (AIP). Subscriptions, reprints, 
and supplements available from ACS, 1155 Sixteenth 
St. N. W., Wash. D. C. 20056. 

Building Science Series — Disseminates technical infor- 
mation developed at the Bureau on building materials, 
components, systems, and whole structures. The series 
presents research results, test methods, and perform- 
ance criteria related to the structural and environmen- 
tal functions and the durability and safety character- 
istics of building elements and systems. 

Technical Notes — Studies or reports which are complete 
in themselves but restrictive in their treatment of a 
subject. Analogous to monographs but not so compre- 
hensive in scope or definitive in treatment of the sub- 
ject area. Often serve as a vehicle for final reports of 
work performed at NBS under the sponsorship of other* 
government agencies. 

Voluntary Product SUndards— Developed under pro- 
cedures published by the Department of Ck>mmerce in 
Part 10, Title 15, of the Code of Federal Regulations. 
The purpose of the standards is to establish nationally 
recognized requirements for products, and to provide 
all concerned interests with a basis for common under- 
standing of the characteristics of the products. NBS 
administers this program as a supplement to the activi- 
ties of the private sector standardizing organizations. 

Federal Information Processing SUndards Publicationa 

(FIPS PUBS)— Publications in this series collectively 
constitute the Federal Information Processing Stand- 
ards Register. Register serves as the official source of 
information in the Federal Government regarding stand- 
ards issued by NBS pursuant to the Federal Property 
and Administrative Services Act of 1949 as amended, 
Public Law 89-306 (79 Stat. 1127), and as implemented 
by Executive Order 11717 (38 FR 12315, dated May 11, 
1973) and Part 6 of Title 15 CFR (Code of Federal 
Regulations). 

Consumer Information Series — Practical information, 
based on NBS research and experience, covering areas 
of interest to the consumer. Easily imderstandable 
language and illustrations provide useful background 
knowledge for shopping in today's technological 
marketplace. 

NBS Interagency Reports (NBSIR)~A special series of 
interim or final reports on work performed by NBS for 
outside sponsors (both government and non-govern- 
ment). In general, initial distribution is handled by the 
sponsor; public distribution is by the National Technical 
Information Service (Springfield, Va. 22161) in paper 
copy or microfiche form. 



Order NBS publications (except NBSIR's and Biblio- 
graphic Subscription Services) from: Superintendent of 
Documents, Government Printing Office, Washington. 
D.C. 20402. ' 



BIBLIOGRAPHIC SUBSCRIPTION SERVICES 



The following carrent*awarenesfl and llterature-sarvey 
bibliographies are issued periodically by the Bureau: 
Cryogenic DaU Center Current Awarenewi Service 

A literature survey issued biweekly. Annual sub- 
scription: Domestic, |20.00; foreign, $26.00. 

Liquefied Natural Gas. A literature survey issued quar- 
terly. Annual subscription: $20.00. 

Superconducting Devices and Materials. A literature 



survey issued quarterly. Annual subscription : $20.00. 
Send subscription orders and remittances for the 
preceding bibliographic services to National Bu- 
reau of Standards, Cryogenic Data Center (275.02) 
Boulder, Colorado 80302. 
Electromagnetic Metrology Current Awareness Service 
Issued monthly. Annual subscription: $24.00. Send 
subscription order and remittance to Electromagnetics 
Division, National Bureau of Standards, Boulder. 
Colo. 80302. 
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